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ABSTRACT
On 2017 September 22, the IceCube Neutrino Observatory reported the detection
of the high-energy neutrino event IC 170922A, of potential astrophysical origin. It
was soon determined that the neutrino direction was consistent with the location
of the gamma-ray blazar TXS 0506+056 (3FGL J0509.4+0541), which was in an
elevated gamma-ray emission state as measured by the Fermi satellite. VERITAS
observations of the neutrino/blazar region started on 2017 September 23 in response
to the neutrino alert and continued through 2018 February 6. While no significant
very-high-energy (VHE; E > 100 GeV) emission was observed from the blazar by
VERITAS in the two-week period immediately following the IceCube alert, TXS
0506+056 was detected by VERITAS with a significance of 5.8 standard deviations
(σ) in the full 35-hour data set. The average photon flux of the source during this
period was (8.9 ± 1.6) × 10−12 cm−2 s−1, or 1.6% of the Crab Nebula flux, above an
energy threshold of 110 GeV, with a soft spectral index of 4.8± 1.3.
Keywords: gamma rays: galaxies, quasars: general, astroparticle
physics , neutrinos, BL Lacertae objects: individual (TXS
0506+056, VER J0509+057)
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1. INTRODUCTION
The extragalactic gamma-ray sky is dominated by blazars (Dermer & Giebels 2016;
Madejski & Sikora 2016), a subclass of radio-loud active galactic nuclei (AGN) pow-
ered by a central supermassive black hole that displays relativistic jets, with one
pointed close to the Earth’s line of sight. The spectral energy distributions (SEDs) of
blazars is characterized by two broad emission “bumps”. The first one, in the radio to
X-ray range, is believed to be due to synchrotron emission from relativistic electrons
and positrons (henceforth electrons) in the jet. The origin of the second bump, in
the X-ray to gamma-ray range, is less clear and is usually attributed in “leptonic”
models to the inverse-Compton scattering of low-energy photons by electrons in the
jet, and in “hadronic” models to proton synchrotron, or to the decay of high-energy
mesons produced in cosmic ray interactions. See Bo¨ttcher et al. (2013) and references
therein for a recent summary of leptonic and hadronic modeling of blazar SEDs.
The potential hadronic origin of the high-energy emission from blazars (Mannheim
1993) makes them candidate neutrino sources (Mannheim 1995; Halzen & Zas 1997)
and, as such, they have been suggested as the origin of the astrophysical neutrino
flux detected by the IceCube observatory at energies between ∼ 20 TeV and a few
PeV (IceCube Collaboration 2013). While the isotropic distribution of the IceCube
astrophysical neutrinos favors an extragalactic origin, the source of the flux remains
unknown and no significant correlation has been found in studies that involve neutrino
positions and blazars detected by the Fermi -LAT gamma-ray space telescope (Aart-
sen et al. 2017), constraining the fractional contribution from Fermi -LAT blazars to
the all-sky astrophysical neutrino flux to be lower than 27%. While the IceCube mea-
surement excludes Fermi -LAT blazars as the main source of the neutrino flux, the
constraint has important caveats as it depends on the assumed neutrino flux spec-
trum, and the variability and other intrinsic characteristics of the sources considered.
Therefore, it does not exclude the identification of an individual blazar as a potential
neutrino counterpart.
In 2016 IceCube started broadcasting real-time alerts for astrophysical neutrino
candidate events to enable prompt follow-up observations that could identify elec-
tromagnetic counterparts to the astrophysical neutrinos. These alerts are issued by
the Astrophysical Multimessenger Observatory Network (AMON) (Smith et al. 2013)
and are circulated using the Gamma-ray Coordinates Network (GCN).1
On 2017 September 22, IceCube reported the detection of a high-energy astrophys-
ical neutrino candidate event, IC 170922A.2 The initial reconstructed direction of
the neutrino (Kopper & Blaufuss 2017) was consistent with that of the gamma-ray
blazar TXS 0506+056, which was observed to be in a high gamma-ray emission state
by Fermi -LAT (Tanaka et al. 2017). Follow-up observations of the neutrino/blazar
position led to the first detection of this blazar in the VHE range by the MAGIC
1 https://gcn.gsfc.nasa.gov/
2 https://gcn.gsfc.nasa.gov/notices_amon/50579430_130033.amon
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telescopes (Mirzoyan 2017). VHE observations by HAWC (Martinez et al. 2017),
H.E.S.S. (de Naurois 2017), and an initial observation from VERITAS (Mukherjee
2017) taken within two weeks of the event as part of its neutrino follow-up pro-
gram (Santander et al. 2017), did not yield detections. Details of the neutrino de-
tection, the multiwavelength follow-up campaign, and the statistical significance of
the neutrino-blazar chance correlation are presented in IceCube Collaboration et al.
(2018). While potential counterparts to neutrino events have been proposed in the
past (Lucarelli et al. 2017; Kadler et al. 2016), none had previously been detected in
the VHE range.
The potential association with an astrophysical neutrino event made TXS 0506+056
a source of particular interest, and further studies of its high-energy emission are
required to explore the possible physical connection between the neutrino and gamma-
ray emissions. For this purpose, VERITAS performed observations of the blazar
between 2017 September and 2018 February which are presented here.
2. OBSERVATIONS AND DATA ANALYSIS
2.1. VERITAS Observations
VERITAS (Holder et al. 2006) is an instrument dedicated to VHE gamma-ray
astrophysics with sensitivity in the 80 GeV to 30 TeV energy range. It consists of
an array of four 12-m imaging atmospheric Cherenkov telescopes (IACTs) located
at the Fred Lawrence Whipple Observatory in southern Arizona, USA. In its current
configuration, VERITAS is able to detect a source with a flux of 1% of the gamma-ray
flux of the Crab Nebula within 25 hours of observation (Park et al. 2015).
VERITAS observations of the TXS 0506+056 location were started on 2017 Septem-
ber 23 (MJD 58019.38) in response to the IceCube alert IC 170922A and continued
following the Fermi -LAT report of flaring activity from the blazar and the detection
in VHE gamma rays by the MAGIC collaboration. A total exposure of 34.9 hours of
quality-selected data was accumulated between 2017 September 23 and 2018 Febru-
ary 6 (MJD 58019-58155) with an average zenith angle of 29◦. Observations were
performed using the standard “wobble” observation mode (Fomin et al. 1994) with a
0.5◦ offset in each of four cardinal directions.
The data were analyzed using the standard VERITAS analysis tools (Maier
& Holder 2017; Cogan 2007), with background-rejection cuts optimized for soft-
spectrum sources (photon index ∼ 4, Krause et al. (2017)). The analysis yields a
detection of the source above 110 GeV with a statistical significance of 5.8σ following
Equation 17 of Li & Ma (1983), with 1270 events in the ON region, 10647 events in the
OFF region, and a background normalization α = 0.1, resulting in a photon excess of
205 events in the ON region. A sky map of statistical significance is shown in Fig. 1.
The centroid of the gamma-ray excess was determined by fitting the uncorrelated
excess counts map with a two-dimensional Gaussian function. The centroid position
in J2000 coordinates is RA=77.354◦ (or 5h 9m 25s), and Dec=5.702◦ (or 5◦ 42′9′′), in
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good agreement with the VLBA radio position of TXS 0506+056 (Lanyi et al. 2010)
given statistical and systematic uncertainties on each of the centroid coordinates of
0.01◦ and 0.007◦, respectively. We name the new VERITAS source VER J0509+057.
A differential photon spectrum, shown in Fig. 2, was constructed using ten bins per
energy decade in the VHE range. A power-law of the form F (E) = N0(E/E0)
−Γ fit to
the differential spectrum gives a best-fit flux normalization of N0 = (6.4±1.6)×10−11
cm−2 s−1 TeV−1 at an energy of E0 = 0.15 TeV and a spectral index Γ = 4.8 ± 1.3,
with a χ2/n.d.f. of 0.5/1. The integral flux above 110 GeV is (8.9±1.6)×10−12 cm−2
s−1, which corresponds to 1.6% of the Crab Nebula flux (Hillas et al. 1998) above the
same energy threshold. The average spectrum measured by VERITAS between 2017
September and 2018 February has a flux of ∼ 60% of that reported by MAGIC in
observations obtained within two weeks of the IC 170922A detection (IceCube Col-
laboration et al. 2018). The spectral indices are consistent given the large statistical
uncertainties (ΓVERITAS = 4.8 ± 1.3 and ΓMAGIC = 3.9 ± 0.4). Monte-Carlo simula-
tions indicate that the systematic uncertainty on the VERITAS flux normalization
and photon index for a soft-spectrum source like TXS 0506+056 are ∼60% and 0.3,
respectively (Abeysekara et al. 2015).
A VERITAS light curve of the integral photon flux above an energy threshold of 110
GeV is shown in Fig.3. For its calculation, the spectral index has been kept fixed at
4.8. Both in the case of the light curve and the differential spectrum, flux points are
shown if the significance of the photon excess in the bin is larger than 2σ; otherwise
a 95% confidence level (CL) upper limit is calculated using the method of Rolke &
Lo´pez (2001).
Due to its hard GeV-band spectrum, TXS 0506+056 was identified as a promis-
ing VHE source candidate and observed by VERITAS prior to the detection of
IC 170922A, between 2016 October 10 (MJD 57685) and 2017 February 2 (MJD
57786). No significant gamma-ray excess was found in an analysis of 2.1 hours of
quality-selected data collected on the source during this period. A 95% CL integral
flux upper limit of 1.2 ×10−11 cm−2 s−1 above an energy threshold of 110 GeV was
derived at the source location for a spectral index of 4.8, corresponding to 2.1% of
the Crab Nebula flux above the same threshold. Differential spectral upper limits
computed at the 95% CL are shown in Fig. 2 which, given the short exposure, are
consistent with the VHE spectrum of the source measured after IC 170922A.
2.2. Fermi-LAT Observations
In order to characterize the GeV energy spectrum of the source during the period of
VERITAS observations, we perform a power-law fit to data from the Fermi LAT (At-
wood et al. 2009) recorded between MJD 58019.38 and 58155.20. The analysis pre-
sented here was performed using version v10r0p5 of the Fermi Science Tools.3
3 The Fermi Science Tools can be downloaded from https://fermi.gsfc.nasa.gov/ssc/
data/analysis/software/
6 Abeysekara et al.
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Figure 1. VERITAS statistical-significance sky map for the region around TXS 0506+056.
The VLBA radio location of the blazar is indicated with a ‘+’ marker. The size of the
VERITAS point spread function for this analysis, at 68% containment, is shown as a white
circle in the lower left. The ‘x’ marker indicates the best-fit position of IC 170922A, with
dashed (dotted) lines indicating the 50% (90%) confidence-level regions for the neutrino
location (from IceCube Collaboration et al. (2018)).
Photons with energies between 100 MeV and 300 GeV that were detected within
15◦ of the location of TXS 0506+056 were selected for the analysis, while photons
with a zenith angle larger than 100◦ were discarded to reduce contamination from the
Earth’s albedo. The contribution from isotropic and Galactic diffuse backgrounds,
and sources in the 3FGL catalog (Acero et al. 2015) within 15◦ of the source position,
were included in the spectral fit with their spectral parameters fixed to their catalog
values, while the parameters for sources within 3◦ were allowed to vary freely during
the source spectral fit. The blazar spectral fit was performed with a binned-likelihood
method using the P8R2 SOURCE V6 instrument response functions.
TXS 0506+056 is strongly detected during the analyzed period, with a test-statistic
(TS) of more than 2100 from the Fermi -LAT analysis. The power-law best-fit spectral
parameters are a photon index Γ = 2.05 ± 0.03 (consistent with the 3FGL value of
2.04 ± 0.03) and a flux normalization N0 = (1.04 ± 0.05) × 10−11 cm−2 s−1 MeV−1
at an energy E0 of 1.44 GeV, about a factor of three higher than the 3FGL value
of (3.24 ± 0.10) × 10−12 in the same units. The spectral fit was repeated in seven
independent energy bins with equal logarithmic spacing in the 0.1 - 300 GeV range.
Best-fit flux values and 68% uncertainties, shown in Fig. 2, are reported for spectral
bins with a TS larger than 4. Flux upper limits at 95% CL are quoted otherwise.
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Figure 2. Gamma-ray SED of TXS 0506+056 from Fermi -LAT and VERITAS observa-
tions collected in the period MJD 58019-58155. Given that the observations are not strictly
simultaneous, spectral variability of the source cannot be ruled out. The VHE spectrum of
the source as measured by MAGIC within two weeks of the detection of IC 170922A is also
shown (IceCube Collaboration et al. 2018). For comparison, the Fermi -LAT 3FGL (purple)
and 3FHL (orange) catalog fluxes of the source are shown, as well as 95% CL upper limits
from VERITAS archival observations (black) described in Section 2.1. Best-fit power laws
are shown as dashed lines for each data set collected in the MJD 58019-58155 period, with
color bands indicating 68% statistical uncertainties on the fit.
We compute a light curve of integral photon flux between 0.1 and 300 GeV based on
the Fermi -LAT data binned in seven-day intervals. The integral flux is calculated by
fitting the spectrum of the source with a power-law function for each time bin while
allowing the spectral index ΓLAT to vary freely. The integral flux points, all with a
TS larger than 9, are shown in Fig. 3. For comparison, the integral photon flux in
the same energy range is (2.33 ± 0.14) × 10−7 cm−2 s−1 for the entire period. We
characterize the variability of the source in the Fermi -LAT band by evaluating the
goodness-of-fit of a constant value to the light curve. The flux light curve is poorly
fit by a constant, with a χ2/n.d.f. of 69.4/19 (p = 1.2 ×10−7), which confirms the
presence of GeV flux variability in the time period considered. For the spectral index,
a constant fit yields a χ2/n.d.f. of 23.9/19 (p = 0.2), indicating that a constant index
is consistent with the data given the statistical uncertainties.
2.3. Swift-XRT Observations
Prompt follow-up observations of the neutrino error region and later observations
of TXS 0506+056 were performed as part of an existing neutrino follow-up pro-
gram (Evans et al. 2015) using the X-ray Telescope (XRT) onboard the Neil Gehrels
Swift Observatory (Gehrels 2004). Preliminary results from this follow-up were re-
ported by Keivani et al. (2017). A total of 45 Swift XRT observations performed
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Figure 3. Multiwavelength light curves for TXS 0506+056 derived from Swift, Fermi -LAT
and VERITAS observations. The dashed vertical line shows the time of detection of the
IC 170922A neutrino event. In each panel, the horizontal dashed line and band indicate
the mean and 1σ uncertainty of each parameter for the entire period. The catalog flux
and spectral index values, and their uncertainties, are shown as gray lines and bands in the
Fermi -LAT panels. The VERITAS light curve is shown using ten bins, where each point
represents the average flux level of the source during the VERITAS observations collected
in that period (shown as vertical gray bands). The upper limits and flux points do not
constrain the potential variability of the source during periods in which VERITAS was not
observing the blazar.
during the MJD 58019-58155 period resulted in a total exposure of 74 ks, which
we use to characterize the X-ray variability of the source. The observations were
conducted in photon-counting mode, with negligible pile-up effects. The data were
reduced and calibrated using HEAsoft, XSpec version 12.9.1. The data from each
observation (typically ∼ 1 ksec) were fitted with an absorbed power-law spectrum
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using a Galactic column density of 1.1 × 1021 cm−2 from the LAB neutral hydrogen
survey (Kalberla et al. 2005) and using cstat within XSpec. A good fit was obtained
for all observations considered.
The de-absorbed integral photon fluxes and indices in the 0.3-10 keV band from the
individual fits are shown in the light curve in Fig. 3. The flux is clearly variable during
the period both in amplitude and spectral index, with a strong X-ray flare detected
in the period MJD 58030-58032 peaking at a flux about four times the time-average
for the period, which is (2.7± 0.1)× 10−12 erg cm−2 s−2. The time-averaged photon
index in XRT was 2.52± 0.03.
As in the Fermi -LAT case, a quantitative assessment of the flux variability was
performed by fitting a constant value to the flux and index curves, both resulting in
poor fits (χ2/ndf of 213/44 and 118/44, respectively) indicating source variability.
3. DISCUSSION
Our analysis indicates that during this period the blazar was about three times
brighter in the LAT band compared to its 3FGL value and, while there was sig-
nificant GeV photon flux variability, the photon index remained consistent with a
constant value at the 3FGL level. At the same time, the flux observed by VERITAS
is consistent with that reported in a similar energy range in the Fermi -LAT 3FHL
catalog (Ajello et al. 2017). This could imply that the VERITAS detection is asso-
ciated with a baseline VHE flux of the source rather than with flaring episodes. As
the VERITAS light curve upper limits are consistent with the average flux for the
entire period, this hypothesis cannot be ruled out using these data alone. While the
variability detected in the LAT and XRT bands has no clear counterpart in the VHE
band, the upper limits set by VERITAS are still consistent with a linear scaling of
the VHE flux by the same amount as the flux increase observed at lower energies
during the active periods, with the additional caveat that the VERITAS observations
are not strictly simultaneous with those of XRT and LAT.
The gamma-ray SED in Fig. 2 shows a sharp spectral break between the Fermi -LAT
and VERITAS energy bands during the MJD 58019-58155 period. Although not as
pronounced, some spectral curvature is also evident in the flux points reported in the
3FGL and 3FHL catalogs shown in the same figure. This softening is noticeable in
the power-law indices reported in Fermi -LAT catalogs, which increase with energy
threshold (Γ3FGL = 2.04±0.03 for E > 100 MeV, Γ3FHL = 2.16±0.21 for E > 10 GeV,
and Γ2FHL = 2.76± 0.57 for E > 50 GeV), although with significant uncertainties.
To characterize the intrinsic break we correct the VERITAS and Fermi -LAT
flux points for extragalactic background light (EBL) absorption using the model
of Franceschini et al. (2008) and the source redshift of z = 0.3365 ± 0.0010 (Pa-
iano et al. 2018) and perform a joint fit of the gamma-ray spectrum. The SED
is well-described using a power-law function with exponential cutoff of the form
N0(E/E0)
−Γ exp(−E/Ec). For a normalization energy E0 of 1.44 GeV the best-fit
10 Abeysekara et al.
parameters are N0 = (1.12 ± 0.05) × 10−8 cm−2 s−1 GeV−1, Ec = 63 ± 7 GeV, and
Γ = 2.02 ± 0.03, with a χ2/n.d.f. of 6.05/6 (p = 0.42). The de-absorbed spectrum
and best-fit solution are shown in Fig.4. This result indicates that the break cannot
be attributed to EBL absorption of a power-law spectrum alone, as illustrated by the
extrapolation of the Fermi -LAT power-law spectrum to VHE energies which fails to
fit the VERITAS observations after accounting for EBL absorption. If the blazar is
the source of the neutrino, the paucity of high-energy emission may imply that the
hadronic gamma-ray emission is strongly attenuated at the source, and potentially
cascades down to energies lower than the Fermi -LAT band (Murase et al. 2016; Gao
et al. 2017). The soft XRT photon index and lower XRT energy flux compared to
the > 100 MeV band places the X-ray emission in the first SED bump, pushing any
potential cascaded emission to the hard X-ray to MeV band. Future measurements of
the “valley” between the SED bumps will be crucial in constraining the contribution
to the SED of potential neutrino counterparts from cascaded emission.
The sharpness of the break may be sensitive to relative flux variations between the
Fermi -LAT and VERITAS bands as the observations are not strictly simultaneous.
As shown in Fig. 3, most of the VERITAS signal is collected during two time periods:
MJD 58046-60 and 58101-58114. We obtained a second Fermi -LAT spectrum, also
shown in Fig.4, by restricting the analysis to this period and repeated the SED
fit which yields best-fit parameters of N0 = (1.2 ± 0.1) × 10−8 cm−2 s−1 GeV−1,
Ec = 61 ± 11 GeV, and Γ = 2.01 ± 0.07, with a χ2/n.d.f. of 1.3/4 (p = 0.86),
consistent with the fit for the entire period. This indicates that the break between
both bands is robust to the observed relative flux variability, even after accounting
for systematic uncertainties in the VERITAS energy scale (Fig. 4).
The detection of TXS 0506+056 in the VHE band during extended follow-up ob-
servations of the IC 170922A event represents the first time that such observations
have revealed a new VHE gamma-ray source. This detection will inform future neu-
trino follow-up strategies, as the potential gamma-ray counterparts may be active
over time periods of weeks or months, requiring multiple exposures. Continued ob-
servations in the future could clarify if blazars are indeed sources of astrophysical
neutrinos detected by IceCube.
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